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PURPOSE 

GENERAL INFORMATION 

The Van Allen Radiation Belt i s  comprised of highly energetic protons 

and electrons, Space vehicles passing through the belt are subjected to mdia- 

tion hazards. In order to evaluate h e  radiation hazad to components and 

personnel, i t  i s  necessary to measure the iota1 flux of energetic protons and 

electrons along the pth of the vehicle. 

a936 x This progmm i s  an a l l  FORTRAN code which computes the flux and 

time-integmted fluxes of protons and eiectrons for vdikle t i~~etkrles  c!!eng ?he 

e total 

Van.Allen Radiation Belt. For siudy purposes, h i s  belt Is differentiated into 

four separate beltst 

1, High enemy proton belt, for protons with energy greater than 20 Mev, 

2. Low energy proton belt, for protons with energy le& rhan.20 MeV. 

3. AFSWC threat electron belt, which i s  a heoretical belt. 

4. Electron belt, as it existed on October a, 1962. 

These belts are represented by spatial flux maps which are read in as inputs 

. to the pmgmm, These maps were constructed from empirical measurements re- 

ceived from sutellites. Flux values are given as functions of B (magnetic flux 

density tn gauss) and of L (Mcllwain pammeter in units of earth mdii). A des- 

cription of, and h e  remsons for, using the B and L coordinate system, are given 

In Ref. 1. 

Three types of inputs are accepbble. the progmm wi l l  accept tmjectory 

points, one a t  a time, or it can generate trajectory points for circular obits, 
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Hohman transfer orbits, or elliptic orbits. The inputs rquired for each type ore 

given as follows: 

a. Time (sec) 

b. Latitude (deg) 

c. Longitude (deg) 

d. Altitude (km) 

2. Input for generation of circular orbits: 

I. Jnput of trajectory pofnts: 

l 

a. 

b. 

C. 

d. 

e. 

f. 

g. 

Initial latitude(deg) 

Initial longitude (deg) 

Orbital inclinotiun (deg) . 

Altitude (km) 

Time interval (rec) 

Final time (sec) 

Starting time (sec) 

3. I'nput for generation of Hohman transfer orbit and/or elliptic orbits: 

a. Initial latitude (dq) 

b. Initial longitude (deg) 

C. Orbital inclination (deg) 

d. Perigee or initial altitude (km) I 

e. Apogee or final altitude (km) 

f. lnterwl between points in the ephemeris (deg) 

g. Total number of trajectory points (nod.) 

5 



At each point of calculation, the pmgmm prints out the input quantitler 

(or genemted tmjectory polnts], the corresponding B and L coordimter, the 

indfvfdwl valuer of flux, he  product of flux and t he  fncrrment, and the 

total integmted fluxes for each of the flux belts. 

ASSUMPTIONS 

1. Spherical earth i s  assumed. 

2. The flux maps used are not functions of the enetgy specbum, and 

the flux values are assumed to be omnldirectional. 

3. The proton and electron belts are assumed to be adequately repre- 

sented by flux mps which c a n  be interpolated for specified values of B and L 

LIMITATIONS 

1. Since a spherlcal earth i s  assumed, orbit precession i s  not taken 

into account. 

2. The flux maps may not be too reliable because of vatlous limita- 

3. Interpolation errors may result because of sparcity of flux entries 

In he  flux maps. This can be rectified by expanding he size of the amy. 

4. E ~ K  may be introduced if the integmtion time intern1 i s  too 

large, causing some amas of the belt to be bypassed. This error 1s due, in 

part, to the process of interpolation. A simple solution would be to decrease 

the integration time interwrl, or a~ternatively, to employ a mom sophisticated 

interpolation scheme. 
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RECOMMEN DATiONS 

1, To avoid inaccurocigs due to the methods of integmtion and infer 

polatlonr used, it is  suggested that some compromise be made involving the 

Inlegrotion time interval and the urn of a mom refined interpolation scheme. 

Machlne time is a governing factor, however. 

2, It may be worthwhile to refine tho flu% paps to have the flux values 

dependent on the energy spectrum, LO h a t  toto1 fluxes can be obtained as 

functions of the energy spectrum. 

- *  
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, PROCEDURE 

N OME NClATURE 

The nomenclature i s  pmented in Table 1. 

METHOD 

When the tmjectory input tr given point by point, then h e  method tr 

stmightforward. The points are converted to B and L coodirmtes from which 

a table lodt-op and linear interpolation are performed to obtain the flux 

values. The product of h e  flux and the time interval are added to he pre- 

vious product sum to form the total time-integmted flux. An explanation of 

the B and L conversion i s  given in Ref. 1. The interpoletion scheme is given 

in Appendix A. 

When circular orbits are to be genemted, the progmm will calculate 

the trajectory points. The latitude and longitude for each tpjectdry pofnt 

are calculated from the equations given in  Ref. Z n e  followiw explains 

the method in  more detailr 
- 

1. Genemtion of circular orbits. 

To genemte trajectory points for he circular orbits, the method 

and darlwrtion used are presented tn Fig. 1. In Fig. 1 h e  init ial heading, lli, 

i s  solved from the following equation: 

The trajectory points for the circular orbits are calculated in the 

following manners 

a .  8 - .  - .  
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TABLE I. Nomencloturn 

MATH PROGRAM 
SYMBOL SYMBOL DEFINITION UNITS 

h 

hl 

h2 
h 

B 

B 

B 

At 

W X  

min 

ALT 

ALTl 

ALT2 

ALTI 

ALTNM 

BB 

BBMAX 

BBMlN 

DT 

DTIME 

DFXELG 

DFXELL 

DFXETG 

DFXETL 

DFXPHE 

DFXPLE 

DV 

E LEB 

E LEFX 

ELEL 

Altitude km 

Perigee or initial altitude 

Apogee or final altitude 

Altitude a m y  

Altitude in nautical miles 

Magnetic flux density 

Maximum B value of flux m p  

Minimum B value o f  flux map 

Trajectory time interval 

Time between trajectory points 

km 

km 

km 

n. m. 

gauss 

gauss 

gauss 

S e C  

5ec 

2 

2 

2 

2 

Electron flux L>1.5 eIectrons/cm 

Electron flux L51.5 e I ec tronqlcm 

Threat electron flux B>-BC1 electrons/cm 

Threat electron flux BCBC1 electrons/cm 

2 High energy proton flux pmtondcm 

2 .  Low energy proton flux pmtordcm 

Interval between points in theephemeris deg. 

Electron map B values gauss 

Electron map flux values 

Electron map L valuer 

2 
electrondcm -sec 

earth mdii 

. 9  
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TABLE. 1, Nomenclature (continued) 

MATH PROGRAM 
SYMBOL SYMBOL DEFlN It1 ON UNITS 

L 

Y 

mclX 
L 

L 

x 
min 

ETHB 

ETHB 1 

ETHBC 

- ETHFX 

ETH L 

CTUI 1 
L I S # -  

ETH LC 

FL 

FLAT 

FLMAX 

FLMIN 

FLON 

FXELG 

FXELL 

FXETG 

FXETL 

AFSWC threat electmns B values 

AFSWC threat electrons BC1 wlues 

AFSWC threat electrons BC values 

AFSWC threat electrons flux values 

AFSWC threat electrons L values 

AFSWC threat electrons LCl wlues 

AFSWC threat electrons LC values 

Mcllwain parameter L 

Latitude army 

Maximum L value of flux map 

Minimum L value of flux m p  

Longitude array 

Flux rate electrons L 2 1.5 

FIUX rate electrons L L I. 5 

Flux mte threat electrons B ZBC1 

Flux rate threat electrons 8 < BC1 

gauss 

PJu 
eIectronS/crn 2 =set 

earth radii 

earth radii 

earth radii 

earth radii 

deg 

earth radii 

earth mdii 

deg 

2 

2 
eIectrons/cm -sec 

e IectronJcm ;set 

eIectronJcm 2 -sec 

2 
e Iectronqlcm -sec 
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TABLE 1 . Nomenclature (continued) 

MATH PROGRAM 
SYMBOL SYMBOL DEFlN I l l  ON UNITS 

A E  

f 

71 

r 

r 
e 

FXPHE 

FXPLE 

NPOINT 

OMEGA 

ORB I NC 

PHEB 

PHEFX 

PHEL 

PI 

PLEB 

PLEFX 

PLEL 

R 

RADIAN 

RE 

SUMELG 

SUMELL 

SUMETG 

SUMETL 

SUMPHE 

Flux rate high energy protons 

Flux mte low energy protons 

Total number of trajectory points 

Earth rotational rute 

Ohit inclination 

High energy proton map B values 

High energy proton map flux values 

High energy proton map L values 

Value of n' 

Low energy proton map a values 

Low energy proton map flux values 

Low energy proton map L vulues 

2 

2 
protory/cm -sot 

proton)/cm -set. 

- 
d 4 - c  

deg 

gauss 

2 
protondcm -sec 

earth mdii 

-- 
gauss 

2 
protondcm =sec 

earth mdii 

Distonce from radius of earth to vehicle 

Conversion factor radian to degrees 

Radius of earth km 

Integrated flux electrons L > 1.5 electrondcm 

e lectrondcm Integrated flux electmns L - 1.5 

Integrated flux threat electrons BbCl eIectrons/crn 

Integrated flux threat electrons BCBCI e l e c t n d c m  

2 
Integrated flu; high energy protons 

km 

de$md 

2 

2 

2 

2 

< 

protory/cm 
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TABLE 1. Nomenclature (continued) 

MATH PROGRAM 
SYMBOL SYMBOL DEFlNlTf ON UNITS 

t 

t 

2lT 

* Y  

y, 
ia 

SU MPLE 

T 

TIME 

TLAST 

TMAX 

??A! N 

TPI 

XL 

XLATO 

XLONG 

XLONGO 

2 
Integrated flux low energy protons protodcm 

Time amy 

Time 

Previous time 

Maximum tmjectory time 

Minimum tru Iectory time 

2 times Tt' 

Latitude 

Starting latitude 

Longitude 

Starting long iiude 

1% 

S e C  

rec 

SeC 

sec 



N I 

dV = Geocentric angle between displacement vectors of initial point P, and 
point P, 

rL 

A e = polar angle 
- 

8, = heading a t  point Pi 
. .  

= iatitude at  init ial point PI- 71 
Y = latitude at point Pp 

A I  = longitude at  initial point PI 

A = longitude at  point P2 

UJ = rotational velocity of the earth 

2 

2 

At = time required for vehicle to cover the true-anomaly arc 

i = orbital inclination measured *counter clockwise from equator 

-t = time 

r = radius of earth e 

h = altitude of orbit 

FiGURE 1. The method and derivation used to generate 
trajectory points for the circular ohits. 



The change in true-anomalyA& 

From the spherical law of cosines 

cos a = cos b cos c + sfn b sin c cos A 

The following relationships can be rewrittent 

Consider the spherical triangle PlNP2 

'a. Solution of - - - - 
cos P,N = cos PIP2 cos P,N + sin PT'P; s i n  PIN cos B l  

6 

Stibstitu tingAd= v2 - 
s i n y l  =cos PIN 

sin y = cos P? 

cos 'y , =: COSAJ sin + s inA .  cos V cos (31 

Thus the lat i tvdey a t  point P 2 can be solved, given the init ial heading Bl ,  

initial. latiiude \y ,# end the change in true-anomly A V  

2 

b. Solution of longitude h, 

h2= \ +A0 -&At 

First, solve for the polar angle A 0 - - - - c 

cos P I P 2  = cos PIN cos PPN + s in  P,N sin P2N c o d  

COSAV- sin s h y 2  
which give cosAe = .._a__ 

cos y1 cosy2 

Thus the longibdeh 2 at p in t  P p  can be found, given the init ial latitudeyl, 

final latltudey2 and the change in Orue-anomalyAx 

The following angle adjustments are made: 

14 



C. Adjustment for heading 8, which 1s dependent on the value of %e * 

orbttul inclination i. I 

1 in ffnt quadrant, ret 6, = [1, 

1 fn second quadrant, set 6, 

t i n  third quadrant, set a, = n+l6{ 
i in fourth quadrant, set ='ff=If3,[ 

d. Adjustment for polar angleAe, which i s  dependent on the change 

2T'-(a,l 

in true anomalyA9 

(!) Fer eO__Ct+ f!i&kf 1; p; n < & 5 7r 
1 

i f  O <PJL?p, 6 8 t  A 8  = A 6  

i f  r < c l J L ~ ,  set A 8 = ZT-b6l 
(2) For westerly flights, i. e. I ??'< f3, 5 2 r  

i f  o < A U L ~  set A B  = ~ V - I A ~ I  

2. Generation of Hohmon transfer orbits and elliptical ohits. These cal- 

culations are performed in the subroutine SATRAC, a description of which i s  given 

in Ref. 4. 

3. Table look-up of flux valuer. Flux values are given as functions of 

, B (magnetic flux density) and of  L (Mcllwain parameter). These values are read 

in as inputs to the computer. The flux values a? first converted to their logarithms 

(base e). A table look-up i s  then performed using linear interpolation of the 

logarithmic fluxes. The ontl-log of this Interpolated wlue i s  the final flux. 

15 



where F(B,, L.) is the logarithm of the flux at  B = Bi and L = L.. This  method 

of interpolation i s  used because i t  has been shown tt, give better results. 
' J  J 

RESULTS 

The interpolated flux values are compared to the values$iven in the flux 

maps, and have been shown to be accurate. The tofal time-integrated flux cannot 

be compared t~ any empirical data because RO such data exist. The counters on 

the vehicles only measure, a t  any point, the value of flux and not the total- 

integrated flux. 

.. . 



INPUT DATA PREPARATiON 

Input of Trajectory Polntr 

The f i s t  card speciflss the input type, by the Bca word POINTS in 

Columns 1-6, The second card specifies the number of trajectory points in format 

i?O. Thereafter, each successive card specifies Q trajectory point, In format F10.0. 

Columns Symbol 
Progrem 

Unit 
P _ Y  Descriftion - 

1-10 TI ME Time sec 

11-20 Xb Latitude deg 

21 -30 X L C "  Longitude deg 

31-40 A bT AI titude krn 

input for Generation of Circular Orbits 

The first card specifies the t ~ p t  type, by the BCD word CIRCULAR in 

Columns l=8 The second c a d  specifies ;fie circular orbitf in format F10.0 as 

fo i 'lows: 

Columns 

1-10 

11-20 

211 -30 

31-40 

41 -50 

51-60 

Program 
Symbol 

XhATO 

XbONGO 

ORB f NC 

Ab? 

DT 

T M X  

6 1 -70 "FMI hi 

Description 

Initial Latitude 

lnitiai Longitude 

Q r b i b  lnciination 

A I ti tude 

Time fnteruai 

Fincli Time 

lnitiai Erne L8C 

17 



4 

input for Generation of Hohman Transfer Orbit and/or Elliptic OrbIts 

The f in t  cord specifies the Input type, by the BCD word TRANSFER in 

Columns 1-8, The second card specifies the Hohman transfer orblt anvor  

elliptic ohit, in format F10.0 as follows: 

Program 
Unit Description - 

1-18 X U T O  Initial latitude deg 

11-28 XLONGO Initial longitude deg . 

Columns 5 yrnbo I 

21 -30 QRBINC Orbit inclination de9 

31-40 ALYl Perigee or initial altitude km 

km 41-50 ' ALT2 Apogee or final altitude 

51 -60 DV Interval between points in 
the ephemeris deg 

NPOlNT Total number of trajectory -- 61 -70 
points 

Note that a Hohmn transfer orbit i s  completed in 180 degrees, and i s  

just half an elliptic orbit* For example, if DV i s  taken as 3 degrees, NPOlNT 

Is set equal to 180/3 = 60 to obtain a transfer orbit only. For one elliptic 

orbit, NPOlNT would be 120; for two orbits, 240, and so forth, 

OUTPUT DATA 

The output listings are self-explanatory. For each point in space, as 

specified by t h e ,  latitude, longitude, and altitude, he proton and electron 

fluxes and h e i r  time-integrated total fluxes are printed. 

18 



For purposes of study, the AFSWC threat electmn fluxes are separated info 

two ~roups, depending on a set of 6 cutoff values. The group of fluxes for B 

greater *an B cutoff refers to those electmns in trunsient conditions at  lower 

altitudes. These are the electrons that would be lost before they drifted around 

the earth. 

The electmn fluxes are also sepamted into two groups, depending on the 

value of L. The group of fluxes for L less than 1.5 refers to the fluxes based on 

the ff ssion spectrum. The group of fluxes for L greater than 1.5 refers to the fluxes 

based on the exponential energy spectrum. 

, 

19 



PROGRAMMING INFORMATI ON 

This Is Q standard FORTRAN job, Them a n  no additional tape requlremsnts 

other than those required for a sfondard FORMON job, and no special opemting 

instructions. Logital tape 5 i s  used as the input tope!, using the FORTRAN statement 

READ INPUT TAPE. Logical tape 6 i s  used at the output tape, using the FORTRAN 

statement WRITE OUTPUT TAPE. bgical  tape 14 i s  used as the punch output )ape. 

This i s  a smII program so that no segmentation i s  required 

The storage reqwirementr are: 

Main Program 1,300 

Subroutines 9,400 

Common 17,800 

The foliowing library mutines are required: 

SQRT DEXP(2) 

COS (DFSB) 

LOG (DFAD) 

EXP DSQRT 

EXP(3) ACOS 

SIN EXIT 

(DFMP) DSIN 

(BFDP) DLOG 

{TSHM) SlNH 
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FLOW CHARTS 
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READ INPUT EiiFI-4 
TRAJECTORY DATA 

-__I_--- 

READ OR GENERATE 
TRAJECTORY PO I NTS FOR 

C I RCULAR, ELL I P T  IC ,  OR 
HOHMN TRANSFER ORB I T S  

r i 
SUBROUT I NE I W A R  

CONVERT TRAJECTORY P O I N T S  
TO 8,L SYSTEM 

I-- --i-- 7 
SUBROUTINE FLUXES I 

PERFORH TABLE LOOK-UP OF 
FLUXES FOR FOLLOWING 4 BELTS: 

HIGH ENERGY PROTONS 
1 

. LOW ENERGY PROTONS 

AFSWC THREAT ELECTRONS 
E L E  CT RONS 

7-- ---- -.- 
PRiNT RESULTS 



PROGRAM LISTING 
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POINTS 
19 

0. 13.8027 
62.6303 1602881 
125.9436 18.6195 

257.5175 22.7077 
327,9340 240608.0 
401,2553 25.8430 
480.2561 2609881 

6'59.5704 28.3297 
763.7665 28.5000 
861.1525 28.3297 
1015.3731 27.0224 
1171,2675 26.9881 
1355.4376 2508430 

190 .6508  20.76aa 

5 6 ~ 7 8 i i a  27.8224 

1577.0314 24.4080 
ia49.0611 22.7077 
2190,4722 20.76aa 
2629.6528 i8.6i95 

22 
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-15604527 203.0812 
-150,9205 '256.8106 
-149.2394 347.6615 
-139.4044 477.6500 
-13304175 649.7323 
-127.2896 86709463 
-121.0416 1137e6215 
-114.7042 1465.6637 

-10109143 2334.8721 
-95060.15 2902.0813 
-8903840 3581.5392 
-83.3398 4397.9978 
-77.5299 5384.1248 
-72.0176 658306141 
-66.8730 8055.8221 

-108.3ia2 i ~ ~ i 0 . 9 5 0 5  

- 6 2 . 1 a ~  9882.a5a6 
-58.0612 it180.6557 
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APPENDIX A 

f LUX DATA SET-UP 

SPECIFICATION OF DATA MODE 

One card precedes a l l  flux datu input, This card specifies whether data i s  in 

binary mode or BCD mode. If a l l  four flux maps are in binary mode, then the word 

BINARY i s  punched four times, beginning in Columns 1, 11, 21, 31, If all maps are 

in BCD mode, then the word BCD i s  punched four times. It i s  not necessary hat a l l  

maps be in the same mode; intermixing i s  aiiowed. ror PAUW~JWZ, II 

threat electron map i s  in the BCD mode while h e  other three are a l l  binary, th is card 

would contain the word BINARY punched three times in columns 1, ‘11, and 31, while 

column 21 has the word BCD punched. The following reference i s  used: 

r. ------I- :EA- A E C ~ ~  ... ....- 

Columns 1-10 refer to high energy protonr 

11-20 refer to low energy protons 

21-30 refer to AFSWC threat electrons 

31-40 refer to electrons 

PUNCHING OF BINARY DATA 

In order to compress the size of the input deck, i f  flux data are read in the 

BCD mode, then the subroutine FLUXES wi l l  automatically rep.;& these data in 

binary mode, to be used in subsequent runs. In the Boeing FORMON system, however, 

these binary cards must be gang-punched with a 7 and 9 on Column 1 before they can 



be  read in a s  column binary cards. 

. 
4 

n 

FLUX DATA SET-UP 

The flux table is stored columnwise in matrix fonn. 

The data cards are processed in the following order: 

a. B values  

b. L values  
_ .  

c. Flux values  

In the case of the AFSWC threat electron belt, h e  following additional data 

a r e  required: 

d. .BC values 

e. LC wlues 

f. BI values 

g. LI values 

BC and LC a,re sets of values defining the boundary of this theoretical belt. B1 and L1 

are sets of values  referring to transient electrons a s  explained on page 19. 
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APPENDIX B 

. NEW FLUX TABLES . 

If i t  i s  desired to change the flux tables, h e n  m e  minor changes have to 

be made in the subroutine FLUXES as well as in the flux data input. Enumerated 

below a r e  the required changes: 

Statement Number 

lo00 

Descrbtion 

Number of values of 8, L, and flux for all 
flux maps 

1010 B and L limits for high energy protons 

1020 B and L limits for low energy protons 

1030 B and L limits for AFSWC threat electrons 

1040 B and L limits for electrons 

Refer to program listing of subroutine FLUXES for instructions for making 

these changes. 

1 :  

b 
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